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Abstract

Background and Aims—Liver disease in Alagille syndrome is highly variable. Many of these 

patients presenting with severe cholestasis early in life improve spontaneously; 10–20% however, 

have progressive disease. It is currently not possible to predict long-term hepatic outcomes in 

Alagille syndrome. This international, multicenter study was aimed at identifying early life 

predictors of liver disease outcome.

Methods—Retrospective clinical, laboratory and radiographic data from a cohort of 144 Alagille 

syndrome patients, whose long-term hepatic outcomes had been determined a priori based on 

previously published criteria, were collected.

Results—Sixty-seven had mild and 77 severe hepatic outcome. Univariate analysis demonstrated 

that cholestasis and fibrosis on biopsy, as well as the presence of xanthomata were significantly 

different between the groups (p<0.05 for all). Mixed model analysis revealed that total serum 

bilirubin and serum cholesterol were also associated with outcome (p=0.001 and p=0.002, 

respectively). Graphical representation of the data revealed a change in total bilirubin levels 

between 12 and 24 months of age in the mild group. Recursive partitioning identified a threshold 

for total bilirubin of 3.8 mg/dL (65mmol/L) in that age-frame that differentiated between 

outcomes. A multivariable logistic regression model was developed using fibrosis, xanthomata and 

the total bilirubin cutoff of 3.8 mg/dL (65mmol/L), which generated an area under the ROC of 

0.792.

Conclusions—The long-term hepatic outcomes of patients with Alagille syndrome can be 

predicted based on serum total bilirubin between the ages of 12–24 months combined with fibrosis 

on liver biopsy and presence of xanthomata on physical examination.
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INTRODUCTION

Alagille syndrome (ALGS) is the most common cause of familial intrahepatic cholestasis, 

affecting as many as 1:30,000 individuals [1, 2]. The diagnosis of ALGS is typically 

established on the basis of clinical criteria, which include paucity of intrahepatic bile ducts 

on liver histology in addition to 3 or more of the following: chronic cholestasis, structural 

heart disease, ocular abnormalities, skeletal anomalies, characteristic facies, renal anomalies 

and vascular involvement [3–5]. The vast majority of patients (~95%) carry an autosomal 

dominant mutation in JAGGED1 (JAG1) [6] and a minority have mutations in NOTCH2 [7]. 

However, there are no direct genotype-phenotype correlations and, hence, the presence of a 

disease-causing mutation does not determine the type or severity of clinical manifestations, 

nor does it predict long-term outcomes.

ALGS-related liver disease is highly variable and ranges from subtle biochemical 

abnormalities to profound cholestasis, portal hypertension and end-stage liver disease 

requiring liver transplantation [8]. Up to 50% of patients presenting with severe cholestasis 

in infancy or early childhood may require transplantation before they reach adulthood, 

indicating that in the other half, significant liver disease improves or stabilizes with time [9, 

10]. This improvement in severity of cholestasis that is seen in a substantial number of 

children with ALGS typically occurs by age 5 years. To date it has not been possible to 

predict which children with ALGS will have this spontaneous improvement, which poses a 

unique management challenge and may result in some young patients undergoing surgical 

procedures to relieve pruritus [11] or unnecessary liver transplantation.

We previously performed a retrospective review of 33 patients to identify early predictors of 

long-term liver disease outcomes in ALGS [12]. The patients included in that study were 

older than 10 years of age and were stratified as having a mild or severe hepatic phenotype. 

Mean serial biochemical data from the first 5 years of life were compared between the mild 

and severe groups. A serum total bilirubin ≥ 6.5mg/dL (111 mmol/L), a serum conjugated 

bilirubin ≥ 4.5mg/dL (77 mmol/L), and a serum cholesterol ≥ 520mg/dL (13.5 mmol/L) 

served as thresholds that could reliably differentiate between the mild and severe hepatic 

outcome groups. Limitations of that study included a small sample size, and the use of mean 

values to determine the cutoffs.

In this study, we sought to expand the pilot study to a larger cohort and to include clinical, 

histological, and laboratory data in order to identify early predictors of long-term hepatic 

outcomes in ALGS.

MATERIALS AND METHODS

This was an international, multicenter, retrospective study. Eleven large pediatric liver and 

liver transplant centers from Europe and North America participated. Ethics Committee and 

Institutional Review Board (IRB) approvals were obtained at The Hospital for Sick 

Children, Ann & Robert H. Lurie Children’s Hospital of Chicago, University of Colorado 

School of Medicine and Children’s Hospital Colorado, Children’s Hospital of Philadelphia, 

Cincinnati Children’s Hospital, Baylor College of Medicine and Texas Children’s Hospital, 
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Beatrix Children’s Hospital, Nemours/AI. duPont Hospital for Children, Children’s Hospital 

of Pittsburgh, UCSF Benioff Children’s Hospital and McMaster University to ensure that the 

study protocol conformed to the guidelines set by the 1975 Declaration of Helsinki. 

Parental/guardian consent was waivered by each site’s IRB since it was a retrospective study.

Inclusion criteria were a clinically or genetically confirmed diagnosis of ALGS [13] and age 

10 years or older. This age was chosen based on literature suggesting that the severity of the 

hepatic phenotype of ALGS is evident after early childhood [9, 10]. Exclusion criteria were 

history of Kasai portoenterostomy, liver transplantation or death during the first 5 years of 

life. These children were excluded as these events interrupt the early natural history of 

Alagille liver disease. In addition, subjects with severe cardiac involvement (e.g. single 

ventricle physiology) were excluded to eliminate the potential confounding effect of 

significant heart disease on hepatic outcomes. Subjects were allocated to their hepatic 

outcome groups (mild or severe) based on data available for subjects at age 10 years or 

older. All available clinical, histological, and laboratory data from the first 5 years of life 

were retrospectively collected on standardized forms from each center (Table 1). Liver 

biopsy data were only used if they were performed during the first 5 years of life. If multiple 

biopsies were available during this period then the first one was used for consistency. The 

clinical and histological data were represented as binary outcomes, i.e. present or absent. For 

histology, the data were collected from biopsy reports.

The patients were allocated to ‘mild’ or ‘severe’ hepatic outcome groups according to the 

criteria that had been used in the initial study (described in Table 2) and using the most 

recent clinical data available, i.e. at the oldest age possible over the age of 10 years in order 

to capture the most accurate, long-term hepatic outcome. This systematic stratification 

process distinguished between subjects whose liver disease was mild enough to be managed 

with medical interventions alone or severe enough to either require surgical interventions 

(e.g. partial external biliary diversion or liver transplantation) or be associated with severe 

comorbidities, such as pathologic long-bone fractures or presence of portal hypertension.

Statistical analyses

Clinical and histological data obtained during the first five years of life were expressed as 

binary variables, whereas the laboratory data were expressed as continuous variables. 

Univariate analyses were performed using a chi-square test to identify statistically 

significant differences in binary outcomes between the two hepatic outcome groups. 

Multivariable logistic regression models were developed and Receiver Operating 

Characteristic (ROC) curves were subsequently used to identify the combination of these 

significant variables with the best predictive ability for severe or mild long-term hepatic 

outcome. Continuous data were entered into a mixed model analysis to identify statistically 

significant variables. These were then represented graphically for each individual to visually 

detect the time (age) window that best differentiated the 2 groups. Recursive partitioning 

was subsequently used to determine cut-offs for these variables. All statistical analyses were 

performed using SAS version 9.2 software (SAS Institute, Cary, NC, USA). All statistical 

tests were two-sided, and p <0.05 was considered statistically significant.
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RESULTS

The study cohort consisted of 144 patients (55% male) with clinically and/or genetically 

confirmed ALGS. Of those, 67 were classified as having mild and 77 as severe hepatic long-

term outcome. Their mean age at last follow-up used in data collection was 13.2 years. One 

hundred patients had had a liver biopsy performed within the first year of life (39 with a 

mild and 61 with a severe phenotype). The age at liver biopsy did not differ between those 

with mild and severe phenotypes. The median age at liver biopsy was 3 months (range 1–

60).

A univariate analysis was performed to determine differences in clinical and histological 

parameters between subjects with mild and severe hepatic outcomes (Table 3). Of all the 

variables assessed, the presence of any degree of cholestasis (p=0.041) and fibrosis 

(p=0.006) on liver biopsy (as mentioned in the histopathology report), as well as the 

presence of any xanthomata (p=0.003) were significantly different between the 2 groups. 

The risk of a severe long-term hepatic phenotype increased more than 3-fold in patients 

found to have fibrosis on a liver biopsy done during the first 5 years of life (OR: 3.3, 95% CI 

1.4–7.9). Cholestasis on biopsy early in life was associated with an odds ratio of 2.8 for the 

eventual outcome of a severe phenotype (95% CI 1.0–7.6)

Mixed model analyses of the laboratory data revealed that only serum total bilirubin 

(p=0.001) and cholesterol (p=0.002) early in life were significantly different between the 

mild and severe hepatic outcome groups. All serial serum total bilirubin and cholesterol 

values obtained during the first 5 years of life were represented graphically for each hepatic 

outcome group (Figure 1). In the mild outcome group the total bilirubin levels fell rapidly 

between 12 and 24 months of age. This phenomenon was not observed in patients who had a 

severe hepatic outcome (Figure 1). [Mean TB +/− SD between 12–24 months was 2.1mg/dL 

+/− 2.3 for the mild group and 7.4mg/dL +/− 5.4 for the severe group; p<0.001]. No clear 

trend was apparent in the plots of serial cholesterol values (data not shown). [Mean 

cholesterol +/− SD between 12–24 months was 456mg/dL +/− 439 for the mild group and 

515mg/dL +/− 356, for the severe group; p=0.6]. Given the change in the total bilirubin 

values observed in the mild group during the 12–24 month age period, recursive partitioning 

was applied to the mean serum total bilirubin values from that period of time, and a 

threshold of 3.8mg/dL (65mmol/L) was identified as the optimal cutoff value to differentiate 

between the 2 groups. Of those who had a serum total bilirubin greater than 3.8 mg/dL 

(65mmol/L) between 12 and 24 months of age, 87% ultimately developed a severe 

phenotype (p<0.001). A serum total bilirubin higher greater than 3.8 mg/dL (65mmol/L) 

between 12 and 24 months of age was associated with an almost 10 fold increased risk of 

developing a severe hepatic phenotype (OR: 9.9, 95% CI: 3.5–28). Only 9% of children with 

a mild phenotype had a total bilirubin above this level during this age interval.

Utilizing the clinical variables that were shown to be significantly different between the two 

hepatic outcome groups on the univariate analysis (fibrosis on liver biopsy and the presence 

of xanthomata) and the total bilirubin cut-off of above ) mg/dL, as identified by recursive 

partitioning, a multivariable logistic regression model was developed. Serum cholesterol 

could not be used in this model as a cut-off value could not be identified on the serial plot 
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and therefore it could not be represented as a binary variable. Cholestasis on liver biopsy 

was also not used in the model because its inclusion led to multicollinearity (meaning that 

cholestasis on liver biopsy could be predicted by other outcome variables already included in 

the model). Figure 2 represents the logistic regression model for each variable (fibrosis on 

liver biopsy, presence of xanthomata and serum total bilirubin above 3.8 mg/dL) and 

combining these three variables, the latter generating an area under the ROC curve of 0.792. 

Although serum total bilirubin alone yielded an ROC of 0.751, adding the other variables 

improved the predictive value in this model.

DISCUSSION

Utilizing a large multi-center cohort of children with ALGS, we present a simple and 

clinically applicable model to predict long-term outcomes of liver disease based on data 

available in the first 2 years of life. We determined that a combination of xanthomata on 

physical examination, fibrosis on liver biopsy obtained in the first five years of life and a 

serum total bilirubin cut-off of 3.8mg/dL (65mmol/L) between the first and second years of 

life, reliably predict the eventual hepatic outcome of patients with ALGS.

This study confirmed and expanded on the results of our pilot study, which identified serum 

total bilirubin and cholesterol as early makers of liver disease outcome [12]. In the current 

study, serum total bilirubin, cholesterol and the clinical correlate of hypercholesterolemia, 

i.e., xanthomata, also reached statistical significance as predictive variables. The cutoff point 

for a differentiating total bilirubin value in the pilot study, however, was much higher than 

that of the current study (6.5mg/dl [111 mmol/L] vs. 3.8 mg/dL [65 mmol/L]). This 

difference is likely due to the fact that in the pilot study all the available total bilirubin levels 

obtained during the first five years of life were averaged to determine the cutoff, whereas in 

the current study we carefully examined each patient’s bilirubin levels serially over time and 

identified the time frame (between ages 12–24 months) in which the levels became different 

between the groups. It was only during this interval that serum total bilirubin values were 

averaged to determine the cut-off.

The current study also expanded beyond the pilot study by also examining clinical variables. 

The univariate analysis identified histological evidence of cholestasis and fibrosis on liver 

biopsy as having predictive value. It is difficult to ascertain the predictive value of liver 

biopsies in ALGS from these data as the information was compiled from histopathology 

reports only, rather than having slides read by a single pathologist, though it is appealing to 

consider the role of liver biopsy in ALGS for this purpose in future studies with central 

histology reading. The most promising clinical variable identified in this study as an early 

predictive marker of long-term outcome was the presence of xanthomata, which likely 

functioned as a surrogate marker for the severity of cholestasis. In this study we were only 

able to score this characteristic as present or absent, however it would be useful to consider a 

method of scoring severity of xanthomata to explore this marker in future studies.

Predictive tools frequently guide clinical decisions in patients with liver disease, as with the 

Model for End-stage Liver Disease (MELD) and Pediatric End-Stage Liver Disease (PELD) 

scoring systems for allocation of donor liver organs [14]. Although there are known 
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limitations to tools such as these, there is a clear need to predict liver disease outcomes in 

ALGS as the hepatic phenotype evolves during the early years of life in a unique fashion. 

Children with ALGS-related liver disease that is mild in infancy rarely, if ever, have 

progression of liver disease later in childhood. However infants with ALGS and substantial 

cholestasis may have either spontaneous improvement, progression to end-stage liver disease 

or persistent symptomatic cholestasis [15]. The potential to have a mild hepatic outcome in 

later life despite cholestasis during the first few years of life should be recognized and 

considered in decision-making regarding evaluation for liver transplantation or surgery for 

treatment of pruritus. This study identified easily measurable markers of liver disease 

outcome in ALGS that may assist in decision making about the optimal clinical care for an 

individual child.

Limitations of this study include its retrospective nature, however children with ALGS 

generally have frequent blood tests drawn and clinical visits during the first 5 years of life. It 

would be of interest to confirm the utility of this predictive model (including the value of 

serum total bilirubin between 12 and 24 months of age) as a predictive tool in a replication 

cohort or a prospective cohort. As all participating centers in the current study are tertiary/

quaternary level hospitals where liver transplantation is performed, there was likely a referral 

bias in this study that could have affected the relative frequency of patients with mild versus 

severe liver disease. However, this should not bias the results of the study, as allocation to 

the mild and severe outcomes groups was determined a priori. As mentioned above, the lack 

of centralized reading of the hepatic histopathology is also a limiting factor but could be 

evaluated in future prospective studies. However, experienced pediatric pathologists 

performed all the histological interpretations in a real-world setting in this study, which has 

merit for generalizing the findings of this study to the general population of ALGS patients.

In conclusion, this study has shown that it is possible to predict long-term hepatic outcomes 

in ALGS based on serum total bilirubin levels in the first two years of life, combined with 

the identification of fibrosis on liver biopsy performed in the first 5 years of life and the 

presence of xanthomata by age 5 years. In addition, in a cholestatic child with ALGS, an 

average total bilirubin of above 3.8mg/dL between the ages of 12 and 24 months represents 

a cut-off that by itself has significant predictive value for severe or mild hepatic outcomes in 

later life. This predictive model may assist clinicians in the complex decision-making 

regarding liver transplantation in a patient with ALGS, and potentially avoiding unnecessary 

liver transplantation in young children destined to have spontaneous improvement in their 

cholestasis. Conversely, earlier interventions may be implemented in preparation for 

transplant in patients who are predicted to have poor outcome. This model should of course 

be placed in the wider context of other important factors such as quality of life and nutrition 

that impact this complicated population, however we propose that these data add objective 

elements to the discussion surrounding hepatic prognostication and liver transplantation in 

ALGS.
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Key Points

• This multi-centre analysis has generated the first clinically applicable model 

to predict long-term outcomes of liver disease in Alagille syndrome. The 

model includes:

• Xanthomata on physical examination,

• Fibrosis on liver biopsy obtained in the first five years of life, and

• A serum total bilirubin cut-off of 3.8mg/dL (65mmol/L) between the first and 

second years of life, that in combination, reliably predict the eventual hepatic 

outcome of patients with Alagille syndrome.
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Figure 1. Graphical Plot of all available serial total bilirubin values for each patient in the mild 
and severe hepatic outcome groups
In the graphs, each line represents a single patient. The lines between the values have been 

smoothed to visually aid in separating trends between the groups. After the first year of life, 

most patients who are classified in the mild hepatic phenotype group, have a total bilirubin 

that falls below the threshold of 3.8 mg/dL (65mmol/L); such a pattern is not observed in the 

severe outcome group. (TB: total bilirubin)
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Figure 2. Receiver Operating Characteristic curves demonstrating the predictive ability of 
statistically significant histological and clinical variables for severe hepatic outcome
Values in parentheses represent the area under the curve.

TBgt38: Total Bilirubin above 3.8 mg/dL (65mmol/L) during the second year of life (12–24 

months)
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Table 2

Criteria used to classify ALGS subjects aged 10 years or older as having a mild or severe hepatic outcome

MILD SEVERE

No overt clinical or biochemical evidence of liver 
disease

Death from complications of end-stage liver disease after age 5 years

Biochemical abnormalities without symptoms of 
cholestasis

Listed for or received a liver transplant after the age of 5 years

Symptoms of cholestasis (e.g. pruritus) adequately 
managed with medications

Cholestasis with significant complications (e.g. pathological bone fractures, pruritus 
requiring partial biliary diversion, etc.)

Portal Hypertension (splenomegaly, esophageal or gastric varices, or ascites)

Liver Int. Author manuscript; available in PMC 2017 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mouzaki et al. Page 14

Table 3

Results of the univariate analyses

HISTOLOGY & CLINICAL DATA MILD PHENOTYPE SEVERE PHENOTYPE p value

Bile duct paucity (n=86) (33/86) 39% (53/86) 61% 0.31

Bile duct proliferation (n=15) (7/15) 44% (8/15) 56% 1.00

Cholestasis (on liver biopsy; n=80) (28/80) 38% (52/80) 62% 0.04

Fibrosis (on liver biopsy; n=61) (20/61) 32% (41/61) 68% <0.01

Pruritus (n=82) (36/82) 43% (46/82) 57% 0.10

Xanthomata (n=32) (8/32) 25% (24/32) 75% <0.01

Only a subset of the variables assessed is shown in this table.
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